The Mehlich-1 extractor is routinely used to evaluate the bioavailability of metals in soil since it has a high closeness between the amount of these elements absorbed by the plants and those available in soil, as well as being simple and practical to use. Thus, the aim of this work was to improve (optimize) a Mehlich-1 extraction method for evaluating the availability of Cu, Zn, Mn, Ni, Cr and Cd in soil using Box-Behnken type response surface method (RSM). After optimizing the soil amount, Mehlich-1 extractor volume and stirring time, the validation of the newly developed method was performed by evaluating the following parameters: matrix adjustment, linearity, linear range, limits of detection (LOD) and of quantification (LOQ), precision and accuracy. The analytical method proposed by this study can be routinely employed for the evaluation of soil toxicity since it presented advantages such as simplicity, speed and efficacy, as well as being precise and accurate.
Introduction
Contamination of soil by heavy metals has grown worldwide 1 and, because they are persistent pollutants, such elements can be accumulated in soils for long periods, [2] [3] [4] being harmful to the microbiota, fauna and flora. 3, 5, 6 Ingestion of plants grown in contaminated soils is considered one of the main routes contributing to human exposure to metals, 7 and due to their toxicity, bioaccumulation, persistence 3 and ubiquity, 1, 6 the United States Environmental Protection Agency (USEPA) 8 considers some heavy metals, including Cu, Zn, Cr, Ni and Cd, as pollutants with priority for control.
Determination of the total amount of heavy metals present in soils contributes to the evaluation of environmental contamination. 5 However, it is not a good index to estimate the bioavailability and toxicity of these elements, since only a fraction of the total amount metals present in the soil are available for absorption by the plants that grow there. 9, 10 Thus, evaluation of the total quantities of heavy metals in soil can lead to an overestimate exposure, and thus risk. 11, 12 In order to estimate the amount of bioavailable heavy metals in soil, several types of extractors have been used, seeking to simulate extraction by plant roots. In this sense, the Mehlich-1 extractor (HCl 0.05 mol L -1 + H 2 SO 4 0.0125 mol L -1 ) can provide a diagnosis of the potential availability of metals for plants. 13 It is used as a routine method in several laboratories, 14 and is preferred due to its practicality, presenting a close relationship between the amount absorbed by the plants and the amount available in soil. 15 This solution was initially proposed by Mehlich 16 for the availability evaluation of P, Ca, Mg, K, Na and NH 4 in soils. However, in other works, the Mehlich-1 solution is also used to evaluate the availability of other elements, such as Cd, Pb, Cr, Ni, Cu, Zn, Mn and/or Fe. [17] [18] [19] [20] Optimization of an analysis process aims to increase its efficiency, so that it can be utilized at maximum performance. Optimization can be performed univariably by monitoring the influence of one variable at a time. However, this process underestimates possible interactions between the studied variables. 21 Multivariate optimization techniques allow a simultaneous evaluation of the variables and enable a more rapid, effective and economical optimization. 22 Among such multivariate techniques, response surface methodology (RSM) refers to a union of statistical and mathematical techniques that are based on the adjustment of a polynomial type equation to the experimental data, which must describe the behavior of a data set with the purpose of inferring statistical forecasts. In the RSM method, the main focus is to use a sequence of experiments designed to obtain an optimal response, 23 allowing the evaluation of the influence of each variable on the system, as well as the interactions between the variables. 24, 25 In order to make the performance of the Mehlich-1 extractor more efficient, an extraction method using the Mehlich-1 extractor was optimized for the evaluation of the bioavailability of Cu, Zn, Cr, Ni, Cd and Mn in soil samples. For this purpose, the Box-Behnken type response surface method (RSM) was used, analyzing the following variables: sample amount, Mehlich-1 extractor volume and stirring time. In addition, the efficacy of the methodology proposed in this study was verified using analytical validation parameters such as matrix effects, linearity, linear range, limits of detection (LOD) and of quantification (LOQ), precision and accuracy.
Experimental

Chemicals
Hydrochloric acid and sulfuric acid of analytical grade (Neon, Vila Prudente, SP, Brazil) were used for the preparation of the Mehlich-1 extractor (0.05 mol L -1 HCl + 0.0125 mol L -1 H 2 SO 4 ). Reference solutions, used during the construction of the calibration curves, were prepared with appropriate dilutions of stock solutions of Cu, Zn, Cr, Ni, Cd and Mn standards (1000 mg L -1 , Neon, Vila Prudente, SP, Brazil). Ultrapure water obtained from a water purification system (Milli-Q ® , Millipore, Billerica, MA, USA) was used to prepare all of the solutions used in this work.
Sampling
The soil samples were obtained in partnership with the Laborfort Análises Químicas laboratory (Cambira, Paraná, Brazil), and prepared according to Embrapa. 26 The samples were kept in an oven for 48 h at 60 °C to remove moisture, ground in soil mill (hammer type, model TE-330, Tecnal, Piracicaba, Brazil). Afterwards, the soil sample was submitted to the extraction process, utilizing an orbital stirrer at 180 rpm (model TE-I45, Tecnal, Piracicaba, Brazil).
The soil used during the methodology optimization procedure presented the following characterization ) and base saturation (V, 100%).
Instruments
The determination of Cu, Zn, Cr, Ni, Cd and Mn was performed directly on the extract in a PerkinElmer flame atomic absorption spectrometer (PinAAcle 900F, Massachusetts, USA) equipped with a deuterium lamp and a conventional 10 cm acetylene burner. Monoelementary hollow cathode lamps were used for determinations. The instrumental conditions used for the determinations are shown in Table 1 .
Optimization of the extraction procedure
Box-Behnken type response surface methodology (RSM) was used to optimize the experimental conditions for extraction of Cu, Zn, Cr, Ni, Cd and Mn from soil. Throughout the process of optimization of the metal extractions, the soil endogenous amounts were monitored. Three variables were evaluated at three levels: sample amount (g), volume of Mehlich-1 extractor solution (mL), and agitation time (min). For the model construction, the plan consisted of 12 experiments, in addition to five repetitions at the central point, totaling 17 trials, by monitoring the sum of Cu, Zn, Cr, Ni, Cd and Mn concentrations that were extracted from the soil sample. Table 2 illustrates the experiments performed with results of sum of extracted heavy metal concentrations being expressed in mg kg -1 . 
Validation Matrix adjustment, linearity and linear range
For the evaluation of the presence of matrix interference, external calibration and standard addition curves were obtained for each element (Cu, Zn, Cr, Ni, Cd and Mn), in order to statistically compare the slopes (sensitivity) of the curves obtained through the different methods, using t-test with 95% confidence. 27 The linearity and linear range of the analytical curves were evaluated by the Pearson correlation coefficient according to Srigley and Haile. 28 In addition, the linear model generated in the investigated range was evaluated through analysis of variance (ANOVA).
Limits of detection (LOD) and quantification (LOQ)
The LOD and LOQ were obtained through the equations 1 and 2, respectively.
where Sa is the absolute standard deviation of the calibration curve intercept and b is the slope of calibration curve, according to Gong et al. 29 
Precision and accuracy
The intra-day and inter-day precision of the proposed analytical method was evaluated at three concentrations for each element; the metal standards were added before the stirring time; measurements were performed at different times on the same day and on different days, respectively, and the results obtained were expressed using the coefficient of variation (CV in percentage). The accuracy of the method was evaluated by means of recovery tests, at three metal concentrations. Intra-day and inter-day measurements were performed, as for the precision evaluation, and the results were expressed by percent recovery of the concentration added. 30 
Statistics
Regression and t-test analyses were performed using Statistica software, 31 and the experimental design was built with the help of Design Expert software.
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Results and Discussion
Optimization of the extraction procedure Based on the results obtained through experimental planning used to maximize the extraction of Cu, Zn, Cr, Ni, Cd and Mn from soil using the Mehlich-1 extractor (Table 2) , mathematical model was created to explain the behavior of sum of extracted heavy metal concentrations for which a higher extraction efficiency was desired. Table 3 shows the analysis of variance (ANOVA) for the model generated for the sum of heavy metal concentrations (Cu, Zn, Cr, Ni, Cd and Mn) that were extracted from soil samples. Based on this information, it can be observed that quadratic model was necessary to best explain the obtained results. The generated model was evaluated based on p value, to test if it could adequately explain the experimentally obtained data at a 95% confidence level. The residuals left by the model were divided into two groups, pure error and lack of fit; the first group was linked to experimental errors and the second group was related to the modeling, respectively. The experimental errors were lower than 3% and the model errors were less than 10%. These results showed that the generated model can explain 88.20% of the total of the selected data, with a determination coefficient (R 2 ) of 0.8820. Furthermore, the model presents small coefficient of variation (CV) close to the 6%.
From equation 3, response surfaces can be created in order to graphically illustrate ( Figure 1 ) the behavior of the experimentally obtained results and to justify the application of the mathematical model. Synergistic or antagonistic characteristics are shown as a function of the desired response, as well as the importance of each factor 
Moreover, with data presented in Table 3 , it was also possible to identify the determining and most important factors in the construction of the respective model. The individual term B as well as the quadratic term C 2 were significant to explain the data selected. The significance of these terms can be explained since the major stirring time increase the contact time between sample and extractor solution and it directly influences the extraction efficiency. Besides, an increase in the sample amount increases the possibility of extracting more analytes. The different effects of studied variables (volume of extractor solution, stirring time and sample amount) can be observed in Figure 1 . for Cd; and 0.05-0.90 mg L -1 for Ni. These linear ranges were verified through their correlation coefficients (R), presented in Table 4 , in which all values were greater than 0.9, as recommended by INMETRO. 33 In addition, after obtaining the linear regression equations for the calibration curves, all p values indicated the significance of the linear models, at a 95% confidence level.
The LOD obtained for Cu, Zn, Cr, Mn, Ni and Cd were 0.010, 0.017, 0.009, 0.009, 0.004 and 0.010 mg kg -1 , respectively, and the LOQ obtained for these elements were 0.098, 0.168, 0.088, 0.085, 0.035 and 0.100 mg kg -1 , respectively.
Precision, accuracy and applicability
From the results presented in Table 5 , it can be observed that for all elements CV values ranged from 0.31 to 4.46% for intra-day precision and ranged from 0.07 to 7.74% for interday precision. The recommended precision as a function of analyte concentration in accordance with the Association of Official Analytical Chemists (AOAC) 34 are 15, 11, 7.3 and 5.3% when the analyte concentrations are 0.1, 1, 10 and 100 mg kg -1 , respectively. Therefore, all CV values found were lower than those of guide recommendation, in both levels, intra and inter-day precision.
Recovery levels ranged from 77.3 to 110.9% in the intra-day evaluation and 78.1 to 104.7% in the inter-day evaluation. The acceptable range of recoveries when an analyte is present in concentrations of 0.1 to 10.0 is between 80 and 110%, as defined by the Association of Official Analytical Chemists (AOAC). 34 Thus, the recovery tests indicated good accuracy of the proposed analytical method. After the model was generated and evaluated, the desirability conditions were selected to test the new model created. These conditions were: 43.0 mL of extractor solution, 14 min of stirring time and 2.0 g of the soil sample. The desirability condition suggests a predicted value of 109.46 mg kg -1 (sum of heavy metal concentrations). This test was performed and the result was 108.44 mg kg -1 . The small variation was found when the experiment and predicted values were compared, showing that the newly developed method was efficient to extract Cu, Zn, Cr, Ni, Cd and Mn from soil samples.
Validation and application of the method
After obtaining the optimal conditions, the proposed method was evaluated in order to ensure that it efficiently performs the originally defined task. Thus, the validation of the method proposed by this (extraction of Cu, Zn, Cr, Ni, Cd and Mn of soil using the Mehlich-1 extractor) was performed by evaluating the following parameters: matrix adjustment, linearity, linear range, LOD and LOQ, precision and accuracy. (Table 4) show that there was no matrix interference in the determination of Cr, Ni and Cd, once that the slopes of calibration curves obtained through the two different procedures were not statistically different with 95% confidence level (indicated by the t-test). The same inclination shows that the results obtained by the different methods did not present matrix interference. Thus, external calibration was selected as the calibration method for the determination of these elements. However, there was matrix interference in the determination of Cu, Zn and Mn, since the sensitivities or slope of the calibration curves were
The proposed method was used to assess the availability of Cu, Zn, Cr, Mn, Ni and Cd in one soil sample where there is sediment deposition of industrial effluents, and the obtained results are shown in the Table 6 .
In CONAMA 35 , respectively. As shown in Table 6 , the available concentrations of Zn, Mn, Cr, Ni and Cd in the soil sample obtained were lower than the than those proposed by that contamination guiding values. However, the concentration of Cu founded in the soil sample was high (59.26 mg kg -1 ), since it was only the available amount and close to the total amount proposed by the CONAMA (60 mg kg -1 ).
Conclusions
The extraction method for evaluating the availability of Cu, Zn, Mn, Ni, Cr and Cd in soil with the use of the Mehlich-1 extractor proposed by this work was simple, fast and effective, as well as precise and accurate. Besides, it can be routinely employed for the evaluation of the availability amount of the micronutrients Cu, Zn, Cr, Ni, Cd and Mn from soil (characteristic of soil toxicity) and not only the macronutrients (P, Ca, Mg, K, Na and NH 4 ), for which the solution was originally proposed. 
